Our published and new experimental results by means of deuteron NMR spectroscopy in studies of molecular mobility in confinement are summarized and annalysed. Conclusions about limits of applicability of methods in disclosing several features are achieved. A set of molecules: D 2 , CD 4 , D 2 O, ND 3 , CD 3 OD and (CD 3 ) 2 CO was chosen and introduced into zeolites with faujasite structure. Measurements of deuteron spectra and relaxation in function of loading and temperature provide a wealth of cases.
Introduction
Recent review articles proove continuous importance of porous media and their applications.
Buntkowsky et al.
1 outlined applicability of NMR technique ( 15 N and 2 H spectroscopy, MAS NMR, NMR diffusometry) for studies of the moleculs dynamics in confinement reflecting a wealth of interactions. Some more apsects were summarized in a more recent review from the same group. 2 NMR-crystallography, isotopically-labelled materials, NMR spectra of paramagnetic microporous materials and other methods discussed in, 3 may guide studies of substrates. We concentrate in our approach on deuteron NMR studies of selected molecules cofined in cages of zeolites with faujasite structure. Hydroxyl protons in zeolite HY are attached to oxygens bridging tetrahedrally coordinated silicon and aluminum atoms. These protons compensate the negative framework charges introduced by tetrahedrally coordinated aluminums, alternatively the same role is played by sodium cations. Thus OH groups are named as structural or bridging OH groups (SiOHAl). In real crystals some imperfections can be found in a form of silanol (SiOH) groups or OH groups associated with some extra-framework aluminum species.
5
The unit cell of zeolite Y contains 384 oxygen atoms at four crystallographically inequivalent positions from O1 to O4. One can therefore expect four different types of bridging hydroxyl groups with protons at the positions from H1 to H4. The protons H1 and H4 point into supercages while the protons H2 and H3 are directed towards the 6-oxygen rings.
3
Czjzek et al. 6 used neutron diffraction to determine the following abundances of protons at respective positions in the unit cell: n(1) = 28.6, n(2) = 9.5 and n(3) = 15 in zeolite HY (Si/Al = 2.4). No H4 protons were detected. The positions H1 and H3 are occupied preferentially and that confirms the results of quantum mechanical calculations.
7,8
Theory Deuteron NMR is particularly suitable for the investigation of molecular mobility for a number of reasons. First, the quadrupole coupling constant is two orders of magnitude larger than the dipole-dipole coupling constant for protons. Second, the value of the quadrupole coupling constant depends on deuteron location and may provide information on the local structure and bonding. Third and most importantly, since the quadrupole coupling involves only one spin, information on molecular reorientation is not affected by the presence of neighboring nuclei. Therefore, motional averaging of the quadrupole interaction allows the clear discrimination between possible motional models.
9
Molecular reorientations rendering the quadrupole interaction time-dependent and inducing transitions between nuclear Zeeman levels drive the deuteron NMR relaxation. The spin-spin and spin-lattice relaxation rate constants are given as different linear combinations of spectral density functions weighted by the coefficient A = (3/10)π 2 C 2 Q , where quadrupolar coupling constant C Q = e 2 qQ/h. In the simplest case of isotropic diffusion characterised by exponential autocorrelation function with a single correlation time τ c , the spin-lattice relaxation rate constant is given by:
where
is the spectral density function, being the Fourier transform of the autocorrelation function, with ω 0 /2π equal to the Larmor frequency. The correlation time τ c is assumed to follow the Arrhenius formula τ c = τ 0 exp(E a /kT ) with the activation 4 energy E a . The temperature dependence of the relaxation rate has an inverted V shape with the maximum at temperature fulfilling the condition ω 0 τ c = 0.616 which leads to
Fast motions, obeying ω 0 τ c ≪ 1, contribute to the high temperature side of the maximum, while the low temperature side represents the relation ω 0 τ c ≫ 1. The slopes, in some cases unequal, provide the value of the activation energy E a . Moreover, the value of τ 0 and C Q can be calculated from the known position of the maximum and its absolute value.
In the following a spin system will be assumed to consist of two subsystems characterized by a fast and slow motional regime with intrinsic relaxation rates R ′ 1 and R ′′ 1 , respectively. In the limit of the fast magnetization exchange between the subsystems a single apparent relaxation rate can be observed:
where W depends on relative abundances of molecules in both subsystems and R are expressed by eq 1, however for different correlation times. Experimentally, the limit of the applicability of eq 3 is described by the temperature T S . Above T S narrow deuteron NMR lines are observed. Below T S a substantial, step-wise broadening of deuteron spectra appears, and magnetization recovery becomes nonexponential.
12
Generally, NMR spectra are sensitive to molecular reorientations on the NMR time scale, 13, 14 which is reflected in the condition for the narrowing of spectra expressed as δτ c ∼ 1, where δ is the width of a given spectrum and τ c is the temperature-dependent correlation time. For a typical width of a deuteron spectrum, δ = 135 kHz for C Q = 180 kHz, the condition δτ c ∼ 1 leads to the correlation time τ c = 10 −6 s. For τ c ≫ 10 −6 s deuterons are considered to be immobile and the Pake doublet is observed. The doublet separation equals (3/4)C Q , which can be used to provide the value of the quadrupole coupling constant.
Narrowed spectra result for τ c ≪ 10 −6 s. Deuteron NMR spectra are inhomogenous 15 and consist of the doublets covering the whole spectral range. The doublets undergo motional narrowing sequentially at somewhat different temperatures for differently oriented deuterons.
For example, deuteron NMR spectra of polycrystalline ND 4 VO 3 measured between 60 K and 83 K were found to be sensitive to correlation frequencies in the range 210 kHz to 1 kHz (corresponding to correlation times in the range 7.6 × 10 −7 s ≤ τ c ≤ 1.6 × 10 −4 s). 16 This result shows that the range of molecular mobilities, where the spectra can be considered to be in the intermediate narrowing regime, is quite broad.
17,18
Experimental Zeolites NaX (supplied by Sigma-Aldrich) and NaY (purchased from Linde company) were activated in situ in an NMR cell. First, samples were evacuated at room temperature for 30 min, then temperature was raised with the rate 5 K/min up to 700 K and kept at this 
Results and discussion
Nuclear magnetic resonance provides means to study molecular dynamics in every state of matter. Molecules in cofinement provide a particularly rewarding system as with a single sample we may observe on increasing temperature immobilized molecules, then onset of molecular reorientation and, in some cases, translational diffusion. We selected a set of molecules with diverse properties leading to a wealth of specific fetaures in mobility. We restrict ourselves to zeolites of faujasite structure and have a common enviromemt in terms of size and structure.
D 2 and CD 4
Spin-lattice relaxation rate was measured for zeolite NaY with one D 2 molecule per supercage in the range 310 K to 66 K. The theroy of deuteron spin-latice relaxation for free D 2 quantum rotators was developed leading to sucessful fits. 22 Relaxation rates were calculated for ortho- Water D 2 O
Applied here methods in analysis of deuteron NMR data, obtained for moelcules in confinement, were developed and described before for the case of water. 24 Some of previous results, supplemented by additional measurements, are summarized in Table 1 . Contributions of Gaussians depend on decreasing temperature, that of narrower one is decreasing. Temperature T 50 , where their contributions are equal, was proposed as a parameter related to the adsorbtion strength; higher when T 50 is higher. Inspection of T S leads to similar conclusions ( Table 1) .
Results of direct application of eq 1 in analysis of the spin-lattice relaxation (activation energy and C ef f Q ) point to necessity of application of the exchange model. High activation energies were attributed to less mobile fraction of molecules. In most cases, irrespective of Si/Al ratio and loading, that fraction dominates ( Table 1 ). All that make water in cationic zeolites a special case. Bonding to the framework alt low loading, then formation of clusters are the specific features of water in confinement.
Ammonia ND 3
Deuteron NMR spectra and spin-lattice relaxation were measured for the set of zeolites and loadings listed in Table 2 . Measurements were performed down to the temperature T S , which is significantly higher for NaX than for NaY for respective loadings. Higher T S indicates stronger bonding to adsorption centers. In some cases two different values were obtained at higher (HT) and lower temperature (LT) ( Table 2 ).
An apparent fit of spin-lattice relaxation rates with eq 1 was possible only in two cases, NaY (300%) and DY (100%), where a maximum was observed. Reduced values of the quadrupole coupling constant and necessity of finding a common mobility model in all cases leads us to application of the exchange model.
F. Gilles in a scarce paper on ND 3 mobility study by NMR postulated translational jumps between adsorption centers in some Na + -faujasites. 25 Ammonia molecules adsorbed in the cationic zeolites interaction with the counter-ions via their nitrogen and deuterons may be involved in hydrogen bonds to the framework oxygens. 26 Both interactions will be considered in analysis of results below. The quadrupole constant for ND 3 was estimated to be 217.5 kHz, 27 or in the range 221.1-239.1 kHz. 25 We take 228 kHz as a common value on the basis of our study.
As the representative example we take the spin-lattice relaxation results for NaY with 300% loading (Figure 1 ). 3-fold rotation of ammonia reduces the effective quadrupole coupling constant to 76 kHz. The final fit with eq 3 indicates on molecular jumps between two dynamic states described by the relaxation rate R ′ with parameters τ Table 2. DX zeolite with 100% loading we find as a different case (Figure 2 ). Here we have: R'' R' Figure 1 : Temperature dependence of deuteron spin-lattice relaxation rate for NaY sample with 300% loading of ND 3 . Dotted line is relaxation rate R according to eq 3.
ND 3 undergoing 3-fold rotation. The broad component, contrbuting 22% of the signal was derived for localized ammonia performing torsional oscillations with 56
• amplitude. The spectrum was calculated using WEBLAB package.
28
The spin-lattice relaxation for DY with 100% loading was also measured using QE se- As a basic location of ammonia in cationic zeolites one may take the one with molecular nitrogen in the vicinity of the cation. The hydrogen bond of molecular deuteron with a framework oxygen is also possible (Figure 2 in Ref. 25 ).
Electrical charge of Na + in NaY is stronger and nitrogen bonding stronger than in NaX.
Activation energies from R ′′ (( Table 2 ) do not confirm that expectation clearly enough. On the other hand however, inspection of T S temperatures corroborate importance of N-Na
Experimental results indicate that molecular mobility in DX and DY appears to be significantly different. The structure with ammonia nitrogen at the framework deuterium may be seen as formation of a quasi-ammonium ion. Such singly bonded state In the case of NaX with 100% loading T S temperature is lower than for NaY and equals 190 K (Table 3, Ref. 33 ), thus the binding energy is lower. From relaxation between binding energies we may point out the location of methanol molecules with oxygens at Na + cations, as their electrical charge is higher in NaY compared to NaX. Thus the first adsorption layer consists of molecules at so called horizontal position. 33 The conclusion directs us to an (Table 3 ). There are two exponents in the spectra, narrow and broader, being referred to as N and B in Table 3, respectively. Contributions of the narrow and broader components amount to about 40% and Acetone (CD 3 ) 2 CO
Relaxation rates are shown in Figure 7 and 8 for NaX and NaY, respectively. There are significant differences, however no obvious interpretation appears. We may search for differences in molecular mobility in deuteron spectra below T S . Rotation of methyl groups takes T S Figure 7 : Temperature dependence of deuteron relaxation rates R 1 and R 2 for NaX sample with 100% loading of (CD 3 ) 2 CO. Symbols •, and △, ▽, refer to spin-lattice R 1 and spin-spin R 2 relaxation rates, respectively. reflect complexity of molecular dynamics above T S , where 2-fold oscillations may evolve into rotational jumps. Their weights, 85% and 15% for shorter and longer one in the whole temperature range, respectively confirm domination of mobility about z axis, acompanied by rotational mobility also about y axis for the fraction of molecules.
Spectra are composed of two Gaussians. Their width shows in significant temperature dependence (Figure 8 ). Alternatively for NaX spectra are broader and high activation energy was derived (Table 4) . Exchange of methyl groups in acetone via 2-fold rotation was proposed before. 34 Extensive studies of acetone adsorbtion were performed using 13 C chemical shift. 35, 36 A relation was found between the 13 C chemical shift and acid strength of Brønsted and Lewis acid sites. Effects of molecular reorientations were detected. 36 When acetone adsorbs on Lewis acide sites, the carboxyl oxygen of acetone interacts with the Al atom of the zeolite framework to form a coordination adsorbtion complex. Such geometry is basic T S Figure 8 : Temperature dependence of deuteron relaxation rates R 1 and R 2 for NaY sample with 100% loading of (CD 3 ) 2 CO. Symbols •, and △, ▽, refer to spin-lattice R 1 and spin-spin R 2 relaxation rates, respectively. in the case of NaX and NaY. Molecular reorientations and their activation energy as well as T S indicate on stronger interaction of acetone with Lewis sites in the case of NaY (Table 4 ). 
Translation to rotation transition
Spin-lattice relaxation rates are consistent with the model of the fast magentization exchange between two dynamically different deuteron populations. Effective correlation times are long (ω 0 τ c ≫ 1) and the low temperature slope is observed. The observed relaxation behaviour in temperature depnedence is most likely an effect of the transition friom translational to rotational diffusion as the major relaxation mechanism. In the transition may be visualized as a transfer from surface free (collisions) to surface mediated (molecules rolling over the surface of cages) diffusion. A change in effective correlation time by three or four orders of magnitude stays behind the transition in terms of relaxation efficiency. 
Conclusion
Applicability of deuteron NMR methods in studies of molecular mobility was tested on a series of molecules confined in cages of zeolites with the faujasite structure. Several paramaters related to their interaction, mutual and with the zeolite framework, were obtained and compared. Each case appears to be the unique one. Obtained parameters reflect distinct influence of adsorbtion centers and, on increasing loading, also on variety of mutual interactions. Particularly formation of molecular aggregates like water clusters or assembling of ammonia gave most rewarding features in deuteron NMR observables. All together supplies guidance for future applications of deuteron NMR in studies of molecular dynamics in confinement and proofs it to be the usful tool. 
